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ABSTRACT 

The  low-turbulence  subsonic  wind  tunnel  at  Stevens  Institute  of  Technology  was  significantly 
modified  so  that  turbulent  boundary-layer  pressure  fluctuation  measurements  could  be  made  with 
adequate  signal-to-noise  ratio  over  a  wide  frequency  range.  Measurements  were  made  in  a  mild 
adverse  and  a  mild  favorable  pressure  gradient  with  natural  transition  occurring  in  the  boundary 
layer.  To  make  certain  that  the  facility  was  operating  correctly  and  to  establish  a  basis  for 
comparison,  the  zero-pressure  gradient  case  was  investigated.  For  this  case,  the  spectral  density, 
magnitude  of  the  normalized  longitudinal  and  lateral  cross-spectral  density  functions,  and  con¬ 
vection  velocity  as  a  function  of  longitudinal  separation  and  frequency  were  in  excellent 
agreement  with  other  experimenters. 

When  comparison  is  made  to  the  zero-pressure  gradient  in  the  same  non-dimensionalized  fre¬ 
quency  band  and  at  similar  non-dimensionalized  longitudina  tacings,  the  convection  velocity 
ratio  is  higher  in  the  favorable  and  lower  in  the  adverse  pressure  gradients,  primarily  due  to  the 
change  in  shape  of  the  mean  velocity  profile.  As  in  the  zero-pressure  gradient  case,  the  increase 
in  convection  velocity  with  increasing  longitudinal  separation  and  decrease  with  increasing  fre¬ 
quency  was  observed  for  both  the  adverse  and  favorable  pressure  gradient.  The  longitudinal  decay 
of  a  panicular  frequency  component  was  more  rapid  for  the  adverse  gradient  and  slower  for  the 
favorable  gradient  than  for  the  zero-pressure  gradient,  as  indicated  by  the  magnitude  of  the 
normalized  longitudinal  cross- spectral  density  measured  for  each  gradient.  Within  the  experi¬ 
mental  accuracy  of  the  measurements  no  differences  were  found  for  the  magnitude  of  the  nor¬ 
malized  lateral  cross- spectral  density  due  to  the  pressure  gradients  imposed. 

The  effect  of  an  adverse  pressure  gradient  on  the  non-dimensionalized  spectral  density  is  to 
increase  the  low-frequency  content  without  influencing  the  high-frequency  ponton  appreciably, 
when  compared  to  the  zero-pressure  gradient  case.  As  expected  the  root-mean-square  values  (for 
a  broad  frequency  band)  are  greater  in  the  adverse  pressure  gradient  when  non-dimensionalized 
with  respect  to  free  stream  dynamic  pressure.  The  major  change  due  to  the  favorable  pressure 
gradient  is  a  sharp  decrease  in  the  high-frequency  content,  with  a  resultant  lowering  of  the  root- 
mean-square  values.  The  spectral  densities  were  corrected  for  finite  pressure  transducer  size, 
using  Corcos*  correction  factors. 
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Qualitative  agreement  with  theoretical  predictions  by  White,  as  to  the  effects  of  favorable 
and  adverse  pressure  gradients,  was  found  for  convection  velocities,  including  the  effects  of 
spatial  separations  and  frequency,  and  the  general  shape  of  the  magnitude  of  the  normalized 
longitudinal  and  lateral  cross- spectral  density  curves. 
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CHAPTER  1 


INTRODUCTION 

Since  the  advent  of  high-speed  aircraft  and  submarines,  the  noise  generated  by 
turbulence  has  created  many  problems  and  stirred  much  interest,  both  theoretical  and 
experimental.  Panel  flutter,  internal  cabin  noise  in  aircraft,  flow-induced  structurrj 
vibrations,  and  masking  of  sonar-sensing  elements  in  high-speed  submarines  by  intense 
local  noise  fields  are  examples  of  the  effects  of  surface  pressure  fluctuations  created  in 
the  turbulent  boundary  layer.  The  last  two  effects  are  responsible  for  a  marked  decrease 
in  the  range  at  which  a  sonar  target  can  be  detected  and  are  therefore  of  importance  to  the 
military.  In  almost  every  case  the  speed  of  the  body  moving  through  the  fluid  is  suffic¬ 
iently  high  to  induce  rapid  transition  in  the  boundary  layer  from  laminar  to  turbulent 
flow.  Hence,  knowledge  of  the  frequency  spectrum  and  some  of  the  statistical  properties 
of  wall  pressure  fluctuations  in  a  turbulent  boundary  layer  is  essential  in  solving  the 
aforementioned  problems. 

Pressure  gradients  are  imposed  on  the  turbulent  boundary  layer  by  the  motion  of 
the  body  in  a  fluid.  An  appropriate  question  would  be  "What  are  the  effects,  if  any,  of 
pressure  gradients  on  the  properties  and  spectrum  of  the  wall  pressure  fluctuations"? 

The  present  work  will  attempt  to  evaluate  some  of  these  effects  for  adverse  and  favor¬ 
able  pressure  gradients. 

The  statistical  properties  and  frequency  spectrum  of  the  wall  pressure  fluctua¬ 
tions  in  subsonic  two-dimensional  zero-pressure  gradient  flow  have  been  measured 

1  2 

by  several  experimenters,  (namely  Willmarth  and  Wooldridge,  Bull,  Skudrzyk  & 

Haddle^).  Bakewell  (et  al), *  Corcos, 5  Bull  and  Willis**  and  VonWinkle^  have  made  similar 
measurements  for  fully  developed  turbulent  pipe  flow.  The  relatively  weak  favorable 
pressure  gradient  created  in  pipe  flow  produced  no  discernible  difference  between  zero 


2 


pressure  gradient  (in  the  subsonic  flow  case)  and  pipe  flow  measurements.  Except  for  a 

0 

few  isolated  measurements,  such  as  Murphy,  (etal)  in  an  adverse  pressure  gradient  at  a 
Mach  number  of  3. 4$  no  consistent  experimental  measurements  in  either  favorable  or 

adverse  pressure  gradients  are  available  in  the  literature.  All  of  the  theoretical  predic- 

9  10  11  12  13 

tlons  '  *  ’  to  date,  for  incompressible  turbulent  shear  flow  except  for  White, 

have  neglected  or  not  considered  the  effect  of  pressure  gradients  on  the  surface  pressure 

14 

fluctuations.  White's  paper, which  is  based  on  some  work  done  by  Gardner  ,  is  of  special 
interest  since  he  presents  results  of  the  important  statistical  properties  such  as  longi¬ 
tudinal  and  lateral  cross  spectral  density  and  the  effect  of  spacing  and  frequency  on  con¬ 
vection  velocities,  as  well  as  frequency  spectra.  Agreement  between  White's  predictions 
and  experimental  data  for  the  zero  pressure  gradient  case,  except  for  frequency  spectra, 
is  qualitatively  good. 

One  of  the  major  effects  of  a  pressure  gradient  is  to  distort  the  turbulent  velocity 

profile;  thus,  White's  predictions  of  the  effect  on  the  convection  velocity  ratio  due  to  dif- 

15 

ferent  velocity  profiles  is  of  considerable  interest.  Further  theoretical  work  by  White 
indicated  the  effect  of  adverse  and  favorable  pressure  gradients  on  the  frequency  spectrum 
and  important  statistical  properties.  These  will  be  discussed  later  and  compared  at  least 
qualitatively  to  experimental  results. 

To  undertake  a  systematic  experimental  study  of  the  effects  of  pressure  gradients 

on  turbulent  wall  pressure  fluctuations,  a  suitable  facility  was  needed.  Fortunately,  a 

facility  (low  speed  subsonic  wind  tunnel  at  Stevens  Institute  of  Technology)  existed  which, 

with  major  modifications  and  additions,  would  be  suitable  for  this  study.  Some  of  the 

major  requirements  of  such  a  facility  are: 

1.  The  turbulent  boundary  layer  should  be  developed  with  natural  transition 

1  fi 

on  a  smooth  surface.  Willmarth  and  Wooldridge  and  Bull  and  Willis  indicate  the 

q 

higher  noise  levels  observed  with  tripping  the  boundary  layer.  Skudrzyk  &  H  addle 
and  Willmarth  &  Wooldridge1  indicate  that  the  effects  of  roughness  on  the 


3 

frequency  spectrum  are  undesirable,  because  roughness  increases  the  pressure 
fluctuation  level,  particularly  at  high  frequencies. 

2.  Interference  from  extraneous  disturbances  should  be  eliminated  or 
reduced  to  tolerable  levels.  These  requirements,  though  obvious,  are  difficult  to  achieve 
because  of  the  great  care  and  effort  required  to  attain  meaningful  attenuations  of  low- 
frequency  acoustic  noise  and  structural  vibrations.  Electromagnetic  radiation  is  always 
a  problem  when  large  amplifications  are  required  because  of  the  small  size  and 
correspondingly  poor  sensitivity  of  the  pressure  transducer. 

3.  Adequate  signal-to- noise  ratio  must  be  maintained.  Part  of  this  re¬ 
quirement  is  actually  contained  in  (2)  above,  i.  e. ,  total  elimination  of  all  unwanted  dis¬ 
turbances  would  guarantee  a  sufficient  signal-to-noise  ratio  for  almost  any  flow  velocity. 
The  problem  may  be  solved  from  the  other  direction,  by  creating  very  high  flow  velocities 
and  not  attempting  to  reduce  noise  levels.  In  most  cases  adequate  signal-to-noise  ratio  is 
obtained  by  "trading  off"  an  increase  in  muffler  attenuation  against  a  decrease  in  flow 
velocity  for  the  same  blower  horsepower  and  noise.  Therefore  the  muffler  and  other 
noise  suppressing  devices  must  be  designed  for  a  very  small  static  pressure  drop  with 
sufficient  acoustic  attenuation. 

4.  Flow  in  the  test  section  should  be  uniform,  free  of  large  vortices  and 
secondary  flows,  with  low  free-stream  turbulence.  This  is  a  prerequisite  in  obtaining  a 
representative  turbulent  boundary  layer  for  comparison  with  the  work  of  other  investiga¬ 
tors. 


5.  The  method  of  introducing  adverse  and  favorable  pressure  gradients 
should  not  create  excessive  noise  or  flow  interference. 

The  five  requirements  outlined  above  were  fullfilled  with  the  completed  wind  tun¬ 
nel  at  Stevens  Institute  of  Technology.  The  existing  tunnel  and  instrumentation  neces¬ 
sary  to  carry  out  the  research  program  are  described  in  the  next  two  chapters. 


CHAPTER  2 


EXPERIMENTAL  FACILITY 

The  basic  facility  is  a  subsonic,  induction-type  wind  tunnel  at  Stevens  Institute 
of  Technology,  as  shown  in  Fig.  1.  This  facility,  except  for  the  muffler,  was  designed 
by  Rakowsky 16  and  constructed  by  him  with  major  assistance  by  the  author.  To  ensure 
uniform,  low-turbulence  flow,  an  inlet  with  a  15-to-l  contraction  ratio  was  built. 
Prevention  of  boundary- layer  separation  at  the  edges  of  the  5  x  6-foot  entrance  was 
attained  by  using  28- inch-diameter  paper  cylinders, which  produced  a  rectangular 
"doughnut"  shaped  entrance.  One  inch  back  from  the  intersection  of  the  paper 
cylinder  and  wall  of  the  contraction,  some  3300  paper  cylinders,  1-1/4-inch  in  diameter 
and  10-inches  long,  were  glued  in  place  to  form  a  flow  stralghtener.  Two  60-mesh 
screens,  separated  by  1-5/8  inches,  were  mounted  13  Inches  downstream  of  the 
stralghtener  tubes.  Following  this  was  the  contraction  to  the  1  x  2-foot  test  section  of 
the  tunnel.  * 

The  test  sections  were  constructed  of  3/4-inch  plywood,  with  two  1  x  2-foot 
plexiglass  windows  on  each  side;  these  windows  were  removable  for  installation  of 
probes  and  other  equipment.  Various  other  access  ports  for  static  pressure  taps  and 
probes  were  provided  in  the  top  and  bottom  sections. 

To  reduce  structure- borne  vibrations  (particularly  in  the  floor),  the  in¬ 
let  and  working  sections  were  suspended  by  steel  cables,  from  pipes  placed 
across  the  ceiling  joists.  This  arrangement  also  allowed  a  section  to  be  easily  moved 
aside  to  permit  installation  of  large  pieces  (flat  plate,  for  instance)  and  cleaning  of 
screens. 

# 

*  Additional  information  concerning  the  design  and  checkout  of  the  tunnel  may  be  found 
in  Reference  16. 
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Aft  of  the  test  sections,  a  2-foot-long,  canvas  vibration  isolation  section  was 
attached  and  covered  with  4  inches  of  fiberglass  wool  mounted  on  the  inside  of  a  box 
constructed  of  3/4-inch  plywood.  A  1-inch  layer  of  fiberglass  was  glued  on  the  outside 
of  the  plywood  box.  This  resulted  in  an  effective  decoupler  which  was  also  shielded 
from  the  exhaust  noise  of  the  blowers. 

The  diffuser,  muffler,  and  blower  sections  were  mounted  on  a  steel  framework 
with  wheels  which  rode  on  flat  steel  strips  secured  to  the  floor  to  facilitate  moving 
these  heavy  sections.  Four  jack  screws  located  at  the  corners  of  each  section  were  used 
for  leveling  and  steadying  the  diffuser,  muffler,  and  blower  boxes,  when  the  tunnel  was 
ready  for  operation. 

Following  the  vibration  isolation  section  the  flow  was  diffused  to  a  24  x  36-inch  cross- 
sectional  area  in  a  3-foot  long  unlined  plywood  transition  section,  cantilevered  from  the 
large  diffuser  section.  The  8-foot  main  section  of  the  diffuser  was  contoured  internally 
to  follow  the  streamlines  established  in  the  cantilevered  section.  (Refer  to  Fig.  1. ) 

To  reduce  the  transmission  of  sound  from  the  blowers,  the  8-foot  section  of  the 
diffuser  was  lined  with  4  inches  of  PF  612  fiberglass  wool  (2-1/2  lb  per  cubic  ft)  having 
a  Noise  Reduction  Coefficient  of  0. 95.  Addition  of  the  fiberglass  reduced  the  exit 
cross-sectional  area  to  40  x  40  inches,  but  this  was  still  sufficient  to  reduce  the  flow 
velocity  and  obtain  a  large  static  pressure  recovery. 

To  further  reduce  acoustic  noise  from  the  blower,  a  muffler,  shown  in  Fig.  2, 
was  designed  and  constructed  of  3/4-inch  plywood  and  4-inch-thick  PF  612  fiberglass. 

To  maintain  the  large  cross-sectional  area  for  air  flow,  and  still  achieve  high  attenua¬ 
tions,  the  muffler  was  divided  longitudinally  by  two  vertical  partitions.  This  increased 
the  effective  length  for  sound  absorption  as  described  in  Beranek,  ^  while  permitting  a 
very  small  static  pressure  drop  across  the  muffler. 

The  attenuation  of  the  muffler  and  diffuser  combination  wasmeasuredunder  no 
flow  conditions  by  driving  a  speaker  with  "pink"  noise  and  measuring  the  output  with  a 
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General  Radio  Type  1551-B  Sound  Level  Meter.  The  speaker  was  placed  at  the  exit 
plane  of  the  muffler  with  the  sound  level  meter  16  inches  inside  the  muffler,  and  the 
speaker  output  was  recorded.  The  sound  level  meter  was  then  moved  into  the  test  sec¬ 
tion  at  the  pressure  transducer  location  and  its  output  recorded.  The  difference  between 
these  two  readings  is  the  attenuation  of  the  muffler  and  diffuser  combination.  Several 
different  locations  of  the  speaker  in  the  exit  plane  of  the  muffler  and  locations  of  the 
sound  level  meter  in  the  muffler  were  used  in  attaining  an  average  attenuation, 
the  results  being  displayed  in  Fig.  3.  The  major  portion  of  the  attenuation  with  a 
peak  at  about  1200  Hz  is  caused  by  the  smaller  lateral  dimensions  in  each  longitudinal 
section  of  the  muffler.  A  second,  smaller  peak  at  about  270  Hz  is  attributed  to  the 
larger  lateral  dimension  of  the  diffuser  (40  inches  as  compared  to  8-1/2  inches).  The 
muffler  was  attached  to  the  diffuser  and  blower  section  by  a  4-inch  canvas  strip  with  a 
16-foot-long  zipper  sewn  in  the  middle  of  it.  This  permitted  a  particular  section  to  be 
uncoupled  easily  and  quickly  for  inspection  or  maintenance. 

Two  7. 5-hp.  Hartzell  vane,  axial  blowers  rated  at  7700  C.  F.  M.  at  1.  35  in.H20 
provided  the  flow  necessary  to  obtain  sufficiently  high  velocities  in  the  test  section. 
They  were  mounted  on  steel  cross -members  in  a  4  x  4  x  6  foot  box  of  3/4 -inch  plywood 
which  was  lined  with  a  4-inch-thick  layer  of  PF  612  fiberglass.  A  plexiglass  window 
was  installed  on  the  top  and  provided  a  means  of  flow  control  by  allowing  air  to  be  bled 
in  when  desired. 

Since  a  naturally  developed  turbulent  boundary  layer  on  a  smooth  surface  was 
desired,  it  was  decided  to  use  a  flat  plate  in  the  test  section  of  the  tunnel.  The  tunnel 
floor  was  too  rough  and  presented  pressure  transducer  mounting  problems,  particularly 
in  obtaining  a  flush  surface  and  freedom  from  vibrations. 

After  unsuccessful  attempts,  with  several  different  leading  edges  and  plates,  to 
obtain  a  suitable  laminar  velocity  profile,  such  as  a  Blasius  profile  just  down¬ 
stream  of  the  leading  edge  for  the  zero-pressure  gradient  case,  the  flat  plate  and 
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leading  edge  configuration  shown  in  Fig.  4  was  evolved  and  proved  successful.  The 
velocity  profile  was  obtained  and  its  comparison  to  a  Blasius  profile  is  shown 
in  Fig.  5.  The  laminated  rear  section  of  the  plate  was  made  of  three  0.  125-inch-thick 

pieces  of  aluminum,  cemented  together  with  Carboline  S-l  under  2,000-psi  pressure  for 
24  hours.  No  precise  measurements  were  made  as  to  the  improvement  in  damping  charac¬ 
teristics  of  the  laminated  section,  but  the  section  sounded  "dead"  when  struck  with  a 
mallet  as  compared  to  the  "live"  ringing  tone  of  a  solid  piece  of  aluminum  when  struck. 
The  joint  between  the  solid  and  laminated  portions  was  oil  lapped,  so  that  the  boundary 
layer  at  this  point  was  not  disturbed.  Rubber  stripping  and  vinyl  tape  sealed  the  edges 
of  the  plate  for  its  entire  length,  so  that  there  was  no  air  leakage  from  beneath  it.  This 
retarded  the  formation  of  secondary  flows  and  helped  to  preserve  the  two-dimensional 
character  of  the  flow. 

Even  with  a  stiff  aluminum  plate  and  a  damped  rear  section,  the  vibration  levels 
were  still  high  enough  to  mask  some  of  the  pressure  fluctuation  signal  from  the  trans¬ 
ducers.  To  overcome  this  problem,  and  to  make  certain  that  the  transducer  was  sensing 
turbulent  boundary-layer  pressure  fluctuations  and  not  the  acceleration  of  the  plate,  a 
unique  rubber  isolation  mount  was  designed  by  the  author.  Details  of  the  mount  are 
shown  in  Fig.  6.  The  natural  frequency  of  the  mount  was  approximately  90  Hz  and  its 
acceleration  transmissibility  as  a  function  of  frequency  is  displayed  in  Fig.  7.  Further 
evidence  will  be  presented  in  Chapter  5  to  demonstrate  that  the  vibration  levels  at  the 
inner  plug  were  sufficiently  low  so  that,  within  the  frequency  band  used,  essentially 

only  wall-pressure  fluctuations  were  measured. 

To  obtain  both  favorable  and  adverse  pressure  gradients,  several  different  meth¬ 
ods  were  contemplated  or  attempted.  A  method  using  sucking  or  blowing  of  additional 
air  was  rejected  as  being  too  noisy  and  complicated.  Use  of  a  thick  rubber  sheet  as  a 
flexible  top  wall  was  attempted,  but  excessive  stretching  of  the  rubber  and  air  leakage 
doomed  this  attempt.  The  pressure  gradients  were  finally  produced  by  two  half-airfoil 
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•ectiont  attached  to  the  top  wall  of  the  tunnel  as  shown  inFig.  8.  The  half  sections  were 
made  of  masonite  screwed  to  two  pieces  of  2  x  6-inch  wood,  cut  to  either  a  NACA  0015 
or  NACA  0021  profile.  The  hollow  space  was  filled  with  rubberized  hair  packing  material 
and  the  edges  taped  to  prevent  air  leakage  due  to  the  pressure  differential  imposed  by  the 
pressure  gradient.  Except  for  the  boundary  layers  developed  on  the  four  walls,  the  flow 
at  the  transducer  location  was  uniform  and  two-dimensional.  This  was  true  for  zero, 
adverse,  and  favorable  pressure  gradients.  Typical  vertical  and  horizontal  profiles  are 
shown  in  Figs.  9  and  10  for  the  adverse  pressure  gradients  with  one  fan  operating.  The 
horizontal  profile  was  measured  several  inches  downstream  of  the  vertical  profile,  ac¬ 
counting  for  the  slight  difference  in  free- stream  velocity.  The  static  pressure  distribu¬ 
tions,  as  measured  by  the  42  taps  along  the  plate,  are  presented  in  Chapter  4  along  with 
boundary -layer,  velocity-profile  measurements. 

The  experimental  facility  just  described  provided  a  means  of  establishing  a  na¬ 
turally  developed  turbulent  boundary  layer  on  a  smooth  flat  plate  and  imposing  on  it  adverse 
and  favorable  pressure  gradients.  Incorporation  of  mufflers  and  vibration  isolation  and 
damping  devices  reduced  the  structure  and  air-borne  vibrations  produced  by  the  blowers 
to  levels  which  did  not  contaminate  the  measurements  of  the  properties  of  the  turbulent 


wall-pressure  fluctuations. 


CHAPTER  3 


INSTRUMENTATION 


Velocity  fluctuations  and  mean  velocity  profiles  were  measured  with  a  constant 
temperature  hot  wire  anemometer  (Disa  Type  55A01),  using  platinum- plated,  tungsten 
wires,  5  microns  in  diameter.  A  small  total  head  tube  with  a  rectangular  open  area  of 
0. 004  by  0. 040  inches  was  also  used  in  conjunction  with  wall  static  pressure  in  deter¬ 
mining  the  flow  velocity.  Movement  of  the  probes  was  accomplished  by  a  traversing 

mechanism  which  could  accurately  resolve  distances  down  to  0.0001  inches.  Further 
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details  concerning  the  velocity  measuring  instrumentation  can  be  found  in  Rakowsky  . 

Wall- pressure  fluctuation  measurements  were  made  with  Atlantic  Research  type 
LD  107-M  transducers,  flush-mounted  in  a  vibration  isolation  mount  as  described  in 
Chapter  2,  which  used  a  lead  zirconate  titanate  ceramic  disk  0. 060  inches  in  diameter 
with  the  following  nominal  characteristics: 

sensitivity  =  -120  db//lV/pbar  or  IpV/pbar 
frequency  range  =  90  to  20, 000  Hz 
capacitance  =  40  picofarads 

The  accelerometers  used  in  measuring  the  vibrations  were  Endevco  Model  2226 
with  the  following  nominal  characteristics: 

sensitivity  in  peak  mV/ peak  g  =  4. 90 

frequency  range  =  20  to  4000  Hz.  Flat  to  within  ±  3% 

capacitance  =  301  picofarads 

The  pressure  transducers  used  were  calibrated  by  three  different  methods: 

1.  Comparison  to  a  known  standard.  This  was  accomplished  by  compar¬ 


ing  frequency  spectra  obtained  by  both  the  test  and  standard  transducers  in  the  turbulent 
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pipe  flow  facility  at  the  U.S.  Navy  Underwater  Sound  Laboratory  in  New  London, 

4 

Connecticut.  The  facility  is  described  in  Bakewell. 

2.  Mounting  the  transducer  in  a  special  adapter  and  using  a  Bruel  and 
Kjaer  Type  4220  Pistonphone  to  determine  the  sensitivity. 

24 

3.  By  the  tap  test,  described  in  Gilchrist  and  Strawderman,  to  deter¬ 
mine  the  effective  radius  and  also  the  broad-band  sensitivity. 

Results  for  the  transducer  used  in  taking  the  spectral  data  by  method  1.  were: 
sensitivity  90  Hz  to  5000  Hz,  -118db//lV/*bar;  5000  to  20,000  Hz  -117  db//lV/*bar. 
Pistonphone  calibration  from  250  to  800  Hz  yielded  a  value  of  -118  db//lV/xbar.  An 
effective  radius  of  0.0317  inches  and  a  broad  band  sensitivity  of  -121  db//lV/Mbar  were 
determined  by  the  tap  test.  The  sensitivity  used  for  the  frequency  spectral  calculations 
were  those  obtained  by  methods  1.  and  2. ,  as  these  were  considered  the  more  reliable. 

Frequency  spectrums  were  obtained  by  boosting  the  signal  from  the  LD  107-M 
transducer  with  an  Ithaco  Model  No.  114  fixed  gain  preamplifier  (40  db)  before  using  a 
General  Radio  Sound  and  Vibration  Analyzer  Type  1554- A  and  Graphic  Level  Recorder 
Type  1521-A  to  complete  the  analysis.  The  narrow  frequency  band  (8%)  was  used  for  all 
wall-pressure  measurements,  which  were  then  corrected  to  spectrum  level,  i.e.  ,  the 
mean  square  wall  pressure  contained  in  a  one  hertz  wide  frequency  band,  expressed  in 
decibels. 

Accelerations  as  a  function  of  frequency  were  obtained  in  the  same  manner  except 
on  some  runs  an  Endevco  Model  No.  2607  fixed  gain  preamplifier  (40  db)  was  used. 

Data  to  be  correlated  were  recorded  on  magnetic  tape,  using  two  identical  chan¬ 
nels  of  instrumentation  as  shown  in  Fig,  11.  Each  channel  consisted  of  an  LD  107-M 
transducer  and  a  matching  Ithaco  preamplifier,  a  Daven  decade  attenuator,  and  Burr- 
Brown  and  Keithley  amplifiers.  Recordings  were  made  with  a  specially  modified  7- 
channel  Ampex  FR  1100  tape  recorder  capable  of  F,  M.  operation  out  to  20,000  Hz  at 
a  60  ips  tape  speed.  The  reels  of  tape  were  then  replayed  on  the  same  machine  and  the 
signals  passed  through  two  matched  Gertsch  1/2  octave  filters  and  two  Ithaco  Model 


225A  variable  gain  amplifiers  to  obtain  the  proper  signal  level  for  the  filter  bank  used, 
before  being  processed  by  a  GPS  Analog  Computer.  Both  auto-  and  cross-correla¬ 
tions  were  performed  on  this  computer,  using  program  6-1-052,  at  the  U.  S.  Navy 
Underwater  Sound  Laboratory. 

Frequent  calibrations  of  each  channel  showed  that  the  system  response  was  linear 
and  flat  from  100  to  20,000  Hz  and  was  in  phase  between  channels  throughout  this 
frequency  range. 


CHAPTER  4 


DESCRIPTION  OF  MEAN  FLOW 


In  all  three  pressure  gradient  cases  the  turbulent  boundary  layer  was  developed 
with  natural  transition.  The  turbulence  level  as  determined  by  measuring  the  free- 
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stream  longitudinal  turbulence  intensity  and  assuming  isotropy,  i.  e.»- 

\J— j  =2: 

- *--Vtt  +  -W  =  0.2 %  indicating  that  a  low  turbulence  level  was  attained,  dot 

U  00 

wire  measurements  made  ahead  of  the  test  location,  for  each  freestream  gradient,  showed 
that  the  boundary  layer  was  fully  developed  with  zero  intermittency.  Velocity  profiles 
were  obtained  using  both  the  hot  wire  anemometer  and  the  total  head  probe.  The  total 


head  probe  was  used  for  the  pressure  gradient  measurements,  since  the  narrow  space 
between  the  airfoil  section  and  plate  (3.  6  inches)  prevented  the  free  vertical  motion  of 
the  hot  wire  support  and  probe. 

For  the  zero-pressure  gradient  case  both  the  hot  wire  and  total  pressure  methods 
were  used  with  negligible  differences  between  them. 

Non-dimensionalized  velocity  profiles  taken  over  the  transducer  mount  are  pre¬ 
sented  in  Figs.  12,  13,  and  14  for  the  highest  speed  in  the  three  pressure  gradient  cases. 
Velocity  profile  at  different  speeds  for  a  particular  pressure  gradient  case  were  sim¬ 
ilar. 

Measurements  taken  just  forward  and  aft  of  the  transducer  mount  demonstrated 
that  the  mounting  arrangement  produced  no  noticeable  effect  in  the  shape  of  the  velocity 
profile.  The  profiles  at  the  upstream  and  downstream  locations  were  the  same  for  a 
particular  pressure  gradient. 

The  agreement  between  the  data  and  Clauser's  universal  law  for  the  zero- pres¬ 
sure  gradient  case  is  excellent  up  to  =  1000  as  seen  in  Fig.  15.  Beyond  this  point 
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it  shows  a  slight  departure  which  is  in  general  agreement  with  other  Investigators  as 

18  19 

given  by  Clauser  and  Robertson  . 

For  the  moderate  adverse  pressure  gradient  (s^e  Fig.  18)  the  profile  follows  the 

law  of  the  wall  up  to  =  500  and  then  has  the  characteristic  upward  trend  as  dis- 

20 

played  by  Coles  . 

The  experimental  points  for  the  favorable  pressure  gradient  as  displayed  in 

vU* 

Fig.  17  lie  along  Clauser's  curve  up  to  P-f  -)  =  600  and  then  decrease  slowly  after  this, 
similar  to  other  favorable  pressure  gradient  data  presented  by  Coles. 

The  static  pressure  distribution  was  measured  along  the  plate  for  several  speeds 
in  each  pressure  gradient.  Typical  distributions  are  shown  for  the  zero,  adverse  and 
favorable  pressure  gradients  in  Figs.  18,  19  and  20  respectively. 

Properties  of  turbulent  boundary  layers  are  presented  in  Table  1.  The  shape 
factor  as  a  function  of  R^for  the  zero  and  favorable  pressure  gradients  is  within  the 
range  of  values  for  a  large  number  of  experimental  measurements  complied  by  Robertson 
as  shown  in  Fig.  21.  The  curve  shown  (Ross  1953)  represents  the  mean  of  a  large  num¬ 
ber  of  experimental  investigations  with  zero  pressure  gradient. 

As  seen  in  Table  1  the  pressure  gradient  parameter  was  approximately  the  same 
for  both  speeds  in  the  adverse  pressure  gradients.  Similarly,  a  smaller  negative  value 
of  the  parameter  is  constant  for  both  speeds  in  the  favorable  pressure  case.  Because  of 
this  fact  most  of  the  data  presented  are  for  these  speeds,  with  occasional  pressure  fluc¬ 
tuation  measurements  at  an  intermediate  speed. 
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Properties  of  Turbulent  Boundary  Layers 


CHAPTER  5 


FREQUENCY  SPECTRA 

To  insure  (hut  adequate  signal-to-noise  ratio  existed  for  the  frequency  spectral 
measurements,  both  the  ambient  noise  and  acceleration  of  the  pressure  transducer  were 
measured.  The  ambient  noise  was  measured  with  the  tunnel  not  running  and  is  essen¬ 
tially  a  measure  of  the  electronic  noise  in  the  pressure  transducer  and  accompanying 
amplification  system.  As  seen  in  Fig.  22,  the  ambient  noise  was  low  enough  so  that  the 
signal  plus  noise  minus  noise  level  of  at  least  10  db  was  maintained  for  the  zero-press¬ 
ure  gradient  data  except  at  10,000  Hz.  The  spectral  levels  for  the  lowest  speeds  in 
each  pressure  gradient  were  about  3  db  lower  than  the  highest  speed  shown  in  Fig.  22. 

For  this  reason  the  zero-pressure  gradient  data  above  6300  Hz  for  the  lowest  speed 
were  not  included  in  the  non-dimensionalized  spectral  density  curve,  as  the  signal- 
to- noise  ratio  was  less  than  10  db.  A  signal  plus  noise  minus  noise  level  of  10  db 
results  in  less  than  a  0.5  db  correction  to  be  subtracted  from  the  signal  plus  noise 
to  obtain  the  signal  level.  This  results  from  the  fact  that  the  ambient  or  background 

noise  is  uncorrelated  with  the  pressure  fluctuations.  Further  discussionof  this  maybe 
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found  in  Peterson  and  Gross.  The  precision  of  the  frequency  measurement  was 
less  than  0.  5  db  so  that  for  this  6tudy  a  signal  plus  noise  minus  noise  level  difference 
of  10  db  was  considered  a  signal-to-noise  ratio  of  10  db,  and  to  be  adequate. 

The  acceleration  of  the  brass  plug  containing  the  pressure  transducers  total 
weight  375  grams  was  measured  with  an  accelerometer  weighing  2.  8  grams  glued  on  to 
the  bottom  surface  of  the  plug.  The  apparent  acoustic  spectrum  level  due  to  acceleration 
response  of  the  pressure  transducer  was  determined  by  the  following  procedure:  the 
acceleration  response  of  the  transducer  was  determined  by  rigidly  mounting  it  in  a  fixture 
and  then  driving  it  with  a  shaker.  By  subtracting  the  pressure  transducer  acoustic  sensitivity 
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from  this,  a  relation  between  acoustic  level  in  jihar,  and  acceleration  ing*s  wasobtained. 

For  the  transducer  used,  the  values  were  -67  dbAV,  g  -(-118dbfl  V/l>*bar)  =  51  db//l 
Mbar,  g.  Since  the  acceleration  of  the  transducer  as  a  function  of  frequency  was  known, 
the  apparent  spectrum  level  (db,  /I  jibar^  /Hz)  was  computed  using  the  above  relation. 

The  apparent  spectrum  level  due  to  accelerations  of  the  transducer  as  a  function 
of  frequency  is  depicted  on  Fig.  22  for  the  favorable  pressure  gradient  at  the  highest 
speed.  The  apparent  spectrum  level  due  to  accelerations  of  the  pressure  transducer 
dropped  off  sharply  alter  2500  Hz  and  is  not  shown, since  the  ambient  level  is  much  higher 
and  controls  the  background  noise  after  1000  Hz.  The  acceleration  spectra  for  the  zero, 
adverse,  or  tavorable  pressure  gradient  at  the  highest  speed  for  each  gradient  (two-fan 
operation)  were  essentially  similar.  Hence  the  curve  shown  is  representative  of  all  three 
gradients  for  two-fan  operation.  Spectrum  levels  for  two-fan  operation  for  each  gradient 
are  presented  so  that  appropriate  comparison  between  the  two  curves  can  be  made.  Two- 
fan  operation  was  selected  for  presentation  after  inspection  of  the  data  had  revealed  it  to 
be  the  worst  case,  i.e. ,  the  difference  between  the  apparent  spectrum  levels  and  actual 
spectrum  levels  measured  by  the  pressure  transducer  s  was  least.  Thus,  at  the  lower  speeds 

the  frequency  range  is  not  reduced  as  muchbecause  of  the  acceleration  of  the  transducer. 
The  frequency  spectrum  for  the  zero-pressure  gradient  case  is  truncated  at  250  Hz, 
as  shown,  to  maintain  a  10 -db  signal-to-noise  ratio,  with  the  apparent  Bpectrum 
level  as  background.  For  the  same  reason  the  data  for  the  adverse  pressure  gradient 
are  eliminated  below  160  Hz.  Acceleration  response  of  the  transducer  was  not  critical 
for  the  favorable  pressure  gradient  as  its  frequency  spectrum  was  terminated  at 
1000  Hz  because  of  acoustic  noise,  as  explained  in  the  next  paragraph. 

A  measure  of  the  acoustic  noise  as  a  function  of  frequency  inside  the  tunnel  at  the 
test  section  while  it  was  running  was  obtained  by  correlation  techniques  described  in 
Chapter  6.  This  measurement  revealed  that  for  the  adverse  and  zero-pressure  gradient, 


■f 
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effects  of  blower  noise  wii  not  a  problem  above  150  Hz.  For  the  favorable  pressure 
gradient, blower  noise  along  with  other  extraneous  noise  was  present  up  to  about  900  Hz. 

The  decrease  in  spectrum  level  with  frequency  due  to  the  thin  boundary  layer  in  the 
favorable  pressure  gradient  case  (note  the  downward  trend  in  Fig.  22)  is  masked  sooner 
by  the  blower  noise.  For  the  favorable  pressure  gradient  the  frequency  spectrum  below 
900  Hz  was  not  repeatable  and  appeared  to  be  very  sensitive  to  extraneous  disturbances. 

A  very  slight  misalignment  of  the  transducer  mount  or  a  loose  piece  of  tape  in  the  im¬ 
mediate  area  caused  a  5  or  10  db  rise  (in  the  frequency  spectrum)  at  various  frequen¬ 
cies  below  900  Hz.  Despite  great  care  in  alignment  of  the  transducer  and  use  of  a  dif¬ 
ferent  central  brass  plug  with  fewer  transducers  mounted  in  it,  the  spectra  below 
900  Hz  were  still  not  repeatable.  For  these  reasons  the  spectral  information  presented 
in  Figs.  22  and  26  is  confined  to  the  range  1,000  to  20,  000  Hz  for  the  favorable  gradient. 

The  non-dimensionalized  spectral  density  for  the  zero-pressure  gradient  in 
the  frequency  range  250  and  10, 000  Hz  was  measured  for  comparative  pur¬ 
poses.  Comparison  to  other  investigators  as  shown  in  Fig.  23  is  excellent.  The 
spectrum  is  shown  in  Fig.  24  plotted  against  several  different  ordinates  and  abscissas. 

The  corrections  for  transducer  size  were  omitted  for  clarity  but  in  all  cases  they  are 

about  the  same  and  match  the  corrected  curve  shown  in  Fig.  24.  The  Willmarth  curve  was 

22 

corrected  for  experimental  error  as  described  by  Willmarth.  This  agreement  along 

with  other  evidence  to  be  presented  in  following  chapters  proves  that  turbulent  boundary- 

layer  pressure  fluctuations  were  measured  within  the  frequency  range  indicated.  The 

spectral  curves  corrected  for  transducer  size  were  obtained  by  using  the  correction  factors 

23 

developed  theoretically  by  Corcos  and  verified  experimentally  by  Gilchrist  and  Straw- 
24 

dernian.  Further  discussion  may  lx*  found  in  the  Appendix, 

The  non-dimensionalized  spectral  density  curve  for  t he  adverse  pressure  gradient 
(Fig.  25)  is  practically  identical  to  the  zero  pressure  gradient  (Fig.  24)  at  the  high  non- 
dimensional  frequencies  for  =  0. 4  .  This  is  true  when  comparison  is  made  on 


m  imuaiiiiijfgwiwswf’i.'stsjPM 
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the  10  log jQ^dJ/p2 5*u2i1  vs. !£l. coordinates.  The  spectrum  level  for  the  adverse  pressur 
gradient  is  higher,  particularly  at  the  lower  frequencies,  as  the  turbulent  longitudinal 

nr 

intensity  Ju  greater  than  that  for  the  zero-pressure  gradient  boundary  layer  over 

the  inner  two-thirds  of  the  boundary  layer  as  shown  in  Fig.  27.  Based  on  the  hypothesis 
that  the  convection  velocity  is  the  local  mean  speed  of  the  noise  producing  turbulent 
eddies  fas  will  be  discussed  in  Chapter  6)  most  of  the  pressure  fluctuations  measured 
at  the  wall  originate  within  the  inner  region  of  the  boundary  layer. 


White's  theory  predicts  that  the  pressure  fluctuation  spectral  density  depends  pri¬ 
marily  on  the  details  of  the  velocity  fluctuation  profile  as  a  function  of  %  .  To  verify 

this  premise  experimentally,  measurements  of  fF.f?  and  J7 would  have  to  be  made 

as  a  function  of  ^/i  along  with  wall-pressure  fluctuation  measurements.  As  only  the 
longitudinal  turbulence  intensities  were  measured  by  Rakowsky,  ^  in  all  three  types  of 


pressure  gradients  these  were  assumed  to  be  indicative  of  the  variation  of 


2  2  2/„ 
u  +  v  +  w  /  3U» 


across  the  boundary  layer.  This  assumption  seems  reasonable, based  on  measurements 

23  24 

of  turbulence  intensities  by  Sandborn  and  Siogar  as  well  as  Schubauer  and  Klebanoff  . 

The  longitudinal  turbulence  intensity  is  presented  for  the  zero,  adverse,  and  favorable 
pressure  gradients  in  Fig.  27.  Their  differences  are  discussed  in  conjunction  with 
the  explanation  for  the  changes  in  the  pressure  fluctuation  spectral  density  due  to 
the  imposed  pressure  gradients.  Because  of  the  space  limitations  mentioned  pre¬ 
viously  the  turbulent  intensity  for  the  adverse  and  favorable  pressure  gradients 
were  measured  4  inches  forward  of  the  transducer  location.  This  accounts  for  the 
slightly  dilferent  free  stream  velocities  in  the  adverse  and  favorable  pressure 
gradient  cases. 
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The  favorable  pressure  gradient  spectral  density  (see  Fig.  26)  reveals  a 

sharp  decrease  of  level  at  non-dimensional  frequencies  greater  than  — —  -  0.1.  This 

U  00 

same  trend  is  evident  when  comparison  is  made  to  the  zero-pressure  gradient  spectral 
density  with  the  aid  of  the  v.  scale.  That  is,  the  difference  in  the  spectra  be- 

U  (Xj 

tween  the  zero  and  favorable  pressure  gradient  cases  cannot  be  explained  on  the 
basis  of  -  V*  The  value  of  for  the  favorable  pressure  gradient  is  about 

14  as  compared  to  the  zero  pressure  gradient  value  of  approximately  7.  Examina¬ 
tion  of  the  longitudinal  turbulent  intensity  (Fig.  27)  reveals  that  it  is  lower  for  the  entire 
boundary  layer  indicating  perhaps  less  energy  for  the  entire  frequency  range.  This  ex¬ 
plains,  at  least  partially,  the  differences  in  spectral  density  between  the  favorable  and 
zero  pressure  gradients.  Another  reason  for  the  rapid  decrease  with  frequency  is  that 
more  averaging  of  the  pressure  fluctuations  by  the  finite  sized  pressure  transducer  occurs 
because  of  their  smaller  scale  at  a  higher  frequency.  Note  that  the  spectral  curve  cor¬ 
rected  for  transducer  size  is  noticeably  higher  in  this  case  as  compared  to  the  other 
pressure  gradients,  with  the  corrections  increasing  rapidly  with  increasing  frequency. 

An  indication  of  ti  e  effects  of  transducer  size  on  pressure  fluctuation  measure- 
r  r  (25) 

ments  is  the  ratio  —r—  or  — r .  Corcos  states  that  for  the  corrections  to  be  valid, 

0  5 

the  ratio  — r—  must  be  sufficiently  low,  but  he  does  not  mention  a  numerical  value, 

0 

Gilchrist  and  Strawdorman  used  ratios  of  .051  to  .0193  and  confirmed  Corcos' 

0 

theoretical  prediction  within  the  accuracy  of  the  experiment.  Comparison  of  these  ratios 
to  those  of  other  investigations,  as  tabulated  in  Table  2,  indicates  a  satisfactorily  low 
value  for  the  zero  and  adverse  pressure  gradient  case. 
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Investigator 

7* 

7,< 

Pressure 

Distribution 

Bakewell  (1962) 

0.0193 

-- 

Pipe  flow 

Willmarth  (1965) 

0.0160 

0.165 

Zero 

Bull  (1963) 

unknown 

0.185 

to 

0.0875 

Zero 

Schloemer  (1966) 

0.0295 

0.203 

Zero 

0.0295 

0.146 

Adverse 

0.0832 

1.18 

Favorable 

Table  2 

Comparison  of  Transducer  Size  to  Boundary  Layer  Thickness 


f 


When  all  the  pressure  gradients  are  compared  on  the  basis  of  r  i.  e. ,  10  log 

3  r*  W’ 

>*  r  ^vs.  ^“,the  difference  in  spectra  is  more  pronounced,  due  primarily  to 


510 


wiyi*  rwJ 

the  difference  in  wall  shear.  The  root- mean- square  pressure  levels  within  the  frequency 
bands  indicated  are  shown  in  Table  3  for  the  three  different  pressure  gradients.  They 
were  obtained  by  integration  of  the  non-dimensional  spectral  density. 


Pressure 

Gradient 

Frequency 
Band  Hz 

— 

/pi/q* 

(corrected) 

Ww 

F?L 

(corrected) 

Zero 

250-10, 000 

0.00463 

0.00520 

1.46 

1.63 

Favorable 

1000-20, 000 

0.00362 

0. 00502 

0.78 

1.09 

Adverse 

160-20,000 

0.00585 

0. 00775 

3.73 

4.35 

Table  3 

Root-Mean-Square  Value  of  Pressure  Fluctuations  at  the 
Wall  in  Broad  Frequency  Bands 


CHAPTER  6 


CORRELATIONS 

Since  the  mean  value,  auto-correlation  and  cross-correlation  of  the  wall-pressure 
fluctuations  do  not  vary  with  time  under  steady  flow  conditions,  these  fluctuations  may  be 
considered  as  stationary  random  processes.  Some  of  the  properties  of  stationary  random 
functions  will  therefore  be  employed  in  their  description. 

The  cross-correlation  of  the  wall-pressure  fluctuation  is  defined  as: 

/T 

P(x,  y.  t)  P(x+{,  y+q,  t  +  r )  dt 

Special  cases  of  this  are  the  longitudinal  cross-correlation  R(f ,  o,  r),  lateral 
cross- correlation  R(o,  n,  r),  and  auto- correlation  R(o,  o,  r).  Using  Fourier  trans¬ 
forms  the  following  quantities  are  defined: 

Longitudinal  cross  spectral  density: 

Ftt  ,  o,  «)  =  ~  f  R(t ,  o,  r)  e'iur  dr  (1) 

—00 

Inversion: 


R(f ,  o,  r)  =  J  rU  .  o,w)eiwr  dw  (2) 

—  00 

Lateral  cross-spectral  density. 
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Spectral  density. 

Jco 

R(o,  o,  r 


\  "i"r  j 
)e  dr  t 


(5) 


—  00 


Inversion: 


R(o 


,  o,  r)  =  J*  ♦(w)eiwT  dw  , 


(6) 


Also  note  that  the  mean- square  pressure  is  related  to  the  spectral  density  by 


=  R(o,  o,o)  =  J*  <t>(«)dw. 


(7) 


The  longitudinal  cross-spectral  density,  Eq.  (1),  may  be  rewritten  in  polar  form  as 


!(«•»  r  +  a) 


with 


RU,o,  r)  =  J’a°|rU,  o,  w)| 

—  00 

|rU  ,  o,  w)  |  =  /a2  ~  b2'  and  a  =  tan_1(— -)> 


(8) 


where  a  and  b  are  the  real  and  imaginary  parts  of  T  ( { ,  o,  w) 


Since  R({,  o,  r)  is  real,  it  may  be  reduced  to 


R(t  , 


o, 


r  I  COS  (w  T  f  a)  dw. 


(9) 


Corcos®  and  others  have  shown  that  when  boundary- layer  noise  (which  is  nearly  "white" 
in  narrow  frequency  bands)  is  passed  through  two  identical  ideal  narrow-band  filters 
of  bandwidth  w  havingacenter  frequency  of  wQl  the  cross-correlation  may  be  expressed  as: 


sin  f(  r  +  0) 

Rw(t  ,  O,  r)  =  w  |r(t,  O,  u0)  I - - -  COS  «Q(r  +  0 ), 

F(r  +0) 


(10) 


where  a  -  w0. 
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When  r  =  Rw({,  o,  r)  is  a  maximum,  as  the  absolute  value  of  T ( ( ,  o,  w)  is 

independent  of  the  phase  angle  <J>,  this  particular  value  of  $  will  be  referred  to  as 

Physically  f  maY  described  as  u  ,  where  Uc  is  an  effective  longitudinal 

C 

convection  velocity.  Hence,  at  the  point  of  interest  r  =  u  ,  Eq.  (10)  may  be  expressed 

c 

as: 

Rw  U,  °,  ‘  -g-  )  -  w  |  r(t,  o,wo)  |.  (11) 


Normalizing  Eq.  (11),  by  noting  that 


o,  o)  =  Rw(x  +{)(o,  o,oj  =  w|r(o,  o,  Wq)  |  =  W4>U0), 
assuming  that  points  x  and  (x  +  {  )  are  sufficiently  close  so  that  the  boundary  layer  and 
mean-square  wall  pressure  have  not  changed  appreciably,  results  in: 


Rw  «,  o,  -i) 


w 


|  r({,  O,  w0)| 


/  Rwx(o’  °’  0)  Rw(x  +  f ) (o’  °’  0)1  w 


(12) 


A  ( yp-)  is  defined  as 


A<v;> 


|r  (t ,  o,  w) 
H7) 


(13) 


Thus  A(^-)  is  the  magnitude  of  the  normalized  longitudinal  cross  spectral-density. 
uc 

This  function  was  measured  experimentally  by  using  Eq.  (12),  i.e. ,  the  signal 
from  the  upstream  pressure  transducer  was  delayed  so  that  maximum  correlation  with 
the  downstream  transducer  was  obtained.  The  convection  velocity  U£  was  determined  by 
dividing  the  longitudinal  separation  distance  t  by  r^,AX  »the  time  measured  from 
r  =  o  to  the  maximum  peak.  The  correlation  was  normalized  with  respect  to  the 
mean- square  pressure  for  the  frequency  band  in  question. 


I 


1 
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The  lateral  cross-correlation  alter  narrow-band  filtering  may  be  written,  with 
the  aid  of  Eq.  (10), as: 

sin  ~  (r  +  0) 

R  (o,  i,  r)  =  w  I  r(o,  n,  «0)  I - - -  coswo(t  +  0).  (14) 

w  -f(r+0) 

For  two-dimensional  flow,  as  would  be  expected  on  physical  grounds,  0  =  0  or 
the  "convection"  velocity  in  the  lateral  direction  is  infinite.  This  has  been  confirmed 
by  the  present  measurements.  With  this  change  Eq.  (14)  is  condensed  to: 

w 

,  ,  sin  Y  T 

Rw(°.  i,  r)  =  w  |  r  (o,  n ,  Wq)  I — - -  cos  wQ  r.  (15) 

T  T 

The  maximum  value  occurs  at  f  =  o,  so  that  Eq.  (12)  may  be  rewritten  for  the  lateral 
case  as: 


Rw(o,  v,  o) 


J  °.  O)  RW(y  ,  ,)<».  ».  ®> 


w  |  r(o,>»,  «-o)| 

W  •*>(  WQ) 


and  the  ratio  B(-~-)  defined  as: 
^  00 


(16) 


|r(o,  n,  w) 
♦  («) 


(17) 


The  function  B  the  magnitude  of  the  normalized  lateral  cross-spectral 

density,  was  determined  experimentally  by  correlating  the  output  of  two  transducers 

spaced  a  distance  *i  apart  and  normalizing  the  maximum  peak  r  =  o  with  respect  to  the 

mean- square  pressure  for  the  frequency  band  of  interest. 

Physically  the  function  A  (^p-)  indicates  the  decay  or  loss  of  coherence  of  the 

c 

pressure  producing  sources  or  eddies  as  they  progress  downstream.  Similarly,  the 
function  B  (rp)  measures  the  lateral  decay  or  decrease  of  coherence  of  the  eddies  in  the 


25 


direction  normal  to  the  flow.  The  implied  dependence  of  these  functions  on  u  L 

Uc 

tel  If 

or-g^-  only  is  somewhat  misleading.  It  neglects  a  dependence  on  some  non-dimensional 

J  I  tel  6  27 

frequency  of  the  flow,  say -tt —  or  -r: — .  This  point  has  been  discussed  by  Corcos 

Uoo  Uo° 

2  13  A  P 

and  Bull  .  White  has  shown  theoretically  that  the  effect  on  the  function  A  (ttM 

u“  uc 

is  slight  for  values  of  greater  than  2. 5.  The  effect  on  the  function  B  (jp  )  is  not 
as  pronounced.  That  is,  values  of  within  the  range  of  1. 25  <  <  10. 0  do  not 

appreciably  alter  the  magnitude  or  shape  of  the  curve  B  (-jp-)  when  plotted  against  ^p-. 

MEASUREMENTS  OF  CONVECTION  VELOCITIES  AND  LONGITUDINAL  CROSS  SPECTRAL 
DENSITY 


The  spacing  between  transducers  was  varied  from  0.  200  to  1. 220  inches  for  each 
pressure  gradient.  Measurements  of  longitudinal  cross-spectral  density  and  convection 
velocities  were  made  in  1/2-octave  bands  with  the  frequency  range  determined  by  keeping 
the  signal-to- noise  ratio  at  25  db  or  better.  A  signal- to- noise  ratio  of  25  db  reduces  the 
true  magnitude  of  the  correlation  peak  by  5. 3%.  For  the  typical  ranges  used  this  re¬ 
duces  the  correlation  by  about  3  to  4%.  This  is  roughly  equivalent  to  the  experimental 
error  of  ±3%  when  the  same  tapes  are  run  through  the  correlation  system  several  times. 
The  frequency  range  used  (1/2-octave  band  center  frequencies)  was  360  to  4000  Hz  for 
the  adverse,  715  to  4000  Hz  for  the  zero,  and  2860  to  11, 400  Hz  for  the  favorable  pressure 
gradients.  It  was  necessary  to  use  a  550-Hz  high  pass  filter  for  some  of  the  zero  and 
favorable  pressure  gradient  runs  to  improve  the  signal- to- noise  ratio  at  the  lower  fre¬ 


quencies. 


Convection  velocity  ratio  Uc/U  as  a  function  of  ^ —  and 


and  non-dimen¬ 


sional  separation  distances  -fr~  is  shown  for  the  zero  pressure  gradients  in  Fig.  28. 

*  A 

Comparison  to  Bull2  shows  good  agreement  when  it  is  realized  that  Bull's  data  is  a 


mean  curve  for  two  non-dimensional  separation  distances  and  he  showed  no  systematic 

differences  between—  =  1. 66  or  3. 07.  The  zero-pressure  gradient  data  confirms 

6 

again  two  interesting  characteristics  of  the  wall  pressure  field,  which  are: 
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1.  Convection  velocity  is  a  function  of  non-dimensional  frequency  based  on 

some  boundary  layer  thickness  parameter  either  6  or  i  *.  This  can  be  explained  by  re¬ 
alizing  that  small  eddies,  (those  associated  with  higher  frequencies)  must  physically  ex¬ 
ist  closer  to  the  wall  in  the  lower  velocity  region  of  the  boundary  layer.  Appropriately, 
the  larger  eddies  would  have  a  faster  effective  speed  or  convection  velocity.  Fig.  28 
shows  that  the  decrease  of  convection  velocity  with  increasing  frequency  occurs  for  all 
the  separation  distances  used.  Another  method  of  depicting  this  dependence  is  to  non- 
dimensionalize  the  separation  distance  with  respect  to  k,*,  =  ,  a  characteristic 

boundary-layer  wave  number  for  the  wall  pressure.  This  dependence  is  illustrated  in 
Fig.  29.  By  keeping  the  parameter  approximately  constant,  which  can  be  interpreted 
as  fixing  the  ratio  of  distance  traveled  to  eddy  size,  independent  of  the  eddy  size,  the  de¬ 
crease  in  convection  velocity  with  increasing  frequency  is  more  clearly  shown. 

2.  As  the  longitudinal  spacing  is  increased  the  convection  velocity,  in  a 
particular  frequency  band,  increases.  The  larger  eddies  in  the  particular  bandwidth 
measured  have  a  "longer  life"  than  the  smaller  eddies.  Therefore,  as  the  group  of 
eddies  travels  downstream,  the  small  scale  effects  die  out  rapidly  and  the  larger  eddies 
(low  frequency  -  high  convection  velocities)  dominate,  thereby  indicating  an  increase  in 
convection  velocity  with  increasing  spatial  separation.  This  is  true  for  all  the  frequency 
bands  measured, as  shown  in  Fig.  30. 

The  convection  velocity  ratio  ^c/..  as  a  function  of  rp-  and  for  the  adverse 
pressure  gradient  is  presented  in  Figs.  30  and  31.  For  a  particular  value  of  ~  and 

Uoo 

separation  distance,  the  ratio  ^c_  is  lower  than  that  for  the  zero  pressure  gradient  case. 
This  is  to  be  expected, as  the  mean  velocity  ratio  -r: —  at  some  distance  ( ^  )  from  the 

U  a,  5 

wall  is  less  in  the  adverse  pressure  gradient  than  for  the  corresponding  distance  ( *  )  in 

0 

the  zero  pressure  gradient.  The  non-dimensional  distance  ( J  )  can  be  used  as  a  very 
crude  approximation  of  half  the  non-dimensional  eddy  size,  and  the  mean  velocity  at  this 
position, the  apparent  eddy  center,  approximates  the  convection  velocity.  Wooldridge  and 
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28  2 

Willmarth  and  Dull  show  that  the  convection  speed  of  a  velocity  disturbance  that  is 
correlated  with  the  wall  pressure  is  the  local  mean  speed.  As  in  the  zero-pressure 
gradient  case, the  dependence  of  **c/..  on  frequency  and  longitudinal  separation  is 
apparent  from  the  results  presented.  The  slower  convection  speeds  agree  qualitatively 
with  White's  theoretical  work  for  the  adverse  pressure  gradient. 

For  the  favorable  pressure  gradient  the  opposite  is  true,  as  can  be  seen  from 
Figs.  32  and  33.  Again  this  follows  directly  from  the  explanation  above,  but  here  the 
mean  velocity  ratio  ^/Uoo  in  the  favorable  pressure  gradient  boundary  layer  is  higher 
for  a  fixed  ^  than  for  the  same  non-dimensional  distance  in  the  zero-pressure  gradient 
boundary  layer.  Again,  the  dependence  of  ^c/.,  on  frequency  and  longitudinal  separa- 

U  oo 

tion  is  shown, and  these  agree  qualitatively  with  White's  predictions. 

Broad  band  convection  speeds  for  the  three  pressure  gradients  are  shown  in  Fig. 

2 

34  with  the  zero-pressure  gradient  case  compared  to  Bull  .  These  indicate,  on  an 
"average"  basis,  the  detailed  results  presented  previously:  that  convection  velocities 
depend  on  the  shape  of  the  mean  velocity  profile  and  longitudinal  separation. 

The  magnitude  of  the  normalized  longitudinal  cross-spectral  density  for  the 
zero-pressure  gradient  is  compared  to  that  of  Willmarth  and  Wooldridge*  in  Fig.  35  and 
the  agreement  is  seen  to  be  very  good.  A  dependence  on  the  parameter  as  proposed 
theoretically  by  White  was  not  found.  This  is  probably  due  to  the  high  values  of  tt—  used, 

U  oo 

namely, between  5  and  21.  A  convected  wave  number  for  the  particular  frequency  compo¬ 
nent  in  question  can  be  defined  as  kc  =  and  this  becomes  a  ratio  of  distance  traveled 
to  wavelength  a  ,  i.e.  77*-  =  — —  where  x  •§■  =  U  .  Hence, for  the  data  examined, the  con- 

C  u  A/»  C  C 

c  c 

elusion  is  drawn  that  a  particular  eddy  loses  coherence  in  traveling  a  distance  propor¬ 
tional  to  its  "size"  or  wavelength  regardless  of  its  size. 

The  function  A  is  higher  in  the  favorable  pressure  gradient  than  in  the  zero  pressure 
gradient,  for  a  particular  value  of  U  as  seen  in  Fig.  36.  This  experimental  evidence 
supports  White's  theoretial  work  that  the  longitudinal  cross-spectral  density  curve  for  a 
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favobrablc  pressure  gradient  should  be  above  that  for  a  zero  pressure  gradient.  As  might 

be  expected  the  opposite  is  true  for  the  adverse  pressure  gradient;  that  is,  the  function  A 

is  lower  for  a  particular  value  of  iii.  .  The  measurements  bear  this  outfor  an  adverse  pres- 

c 

sure  gradient  as  demonstrated  in  Fig.  37.  Again,  as  in  the  zero-pressure  gradient,  no 

w6 

dependence  on  the  parameter  —  was  found  for  either  the  adverse  or  zero-pressure  gradient 

U  oe 

cases.  The  reasons  for  this  are  similar  to  those  proposed  for  the  zero -pres sure  gradient 


case,  i.  e.  ,the  boundary-layer  thickness  Strouhal  number  (  — _ )  rangedfrom  4  to  17  for 

U  m 

the  favorable  and  2  to  10  for  the  adverse  pressure  gradient. 

Physically  the  change  in  the  function  A  between  the  adverse,  zero,  and  favorable 
pressure  gradients  is  due  primarily  to  the  differences  in  convection  velocities  between 
them.  For  a  fixed  non-dimensional  distance  from  the  wall  ( |  )  the  convection  velocity  is 
greater  for  the  favorable  gradient,  and  smaller  for  the  adverse  gradient  when  compared 
to  the  zero-pressure  gradient  case.  Using  the  rough  approximation  of  non-dimensional 
eddy  size  (ie.  ) ,  it  is  seen  that  the  *or  a  Particular  eddy  is  shorter  in  the  favor¬ 

able  gradients  than  in  the  others.  Hence  the  correlation  is  higher  for  the  eddy  in  question, 
since  its  travel  or  decay  time  is  shorter  in  the  favorable  pressure  gradient  case.  For 
the  adverse  pressure  gradient  the  opposite  is  true,  i.e.,  longer  delay  times  and  lower 
values  of  correlation  when  compared  to  the  zero-pressure  gradient  case. 

The  longitudinal  microscale  (a  rough  estimate  of  the  average  dimension  of  the 
smallest  eddies)  is  obtained  by  approximating  the  broad-band  auto- correlation  function 
with  a  parabola  near  zeror  .  The  intersection  of  this  parabola  with  the  time-delay  axis 


determines  the  time  delay  which,  when  multiplied  by  the  broad-band  convection  velocity, 
yields  the  longitudinal  microscale.  By  approximating  the  auto-correlation  function  R(o,o,r) 
about  r  =  o  with  a  Taylor  series  expansion, the  following  relation  is  obtained: 
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By  neglecting  all  but  the  first  two  terms  which  yield  a  parabola,  this  curve  is  fitted  to 
the  auto-correlation  function  for  small  time  delays.  For  computation  purposes,  Eq.  (18) 


is  rewritten  more  conveniently  as 
lt(o,  o,  t  )  _  /  r  \  2 


»lul  'I  j  /  T  \ 

U  ’  '  'O  ' 


(19) 


where  =  r  u  . 

K  o  c 

Using  this  estimation,  the  longitudinal  microscale  was  found  to  be  approximately 
12.5%  of  6  for  the  zero-pressure  gradient,  18%  of  l  for  the  favorable, and  14%  of  i  for 
the  adverse  pressure  gradient  case. 


LATERAL  CROSS-SPECTRAL  MEASUREMENTS 

The  function  B  (.j-1  )  for  the  zero- pressure  gradient  is  shown  in  Fig.  38  and  the 
agreement  with  Bakewell  and  Willmarth  is  excellent.  Again,  as  in  the  case  of  the  func¬ 
tion  A  no  dependence  on  the  parameter  was  found.  Departure  of  the  function 

U  co  U  oo 

B  for  both  the  favorable  (Fig.  39)  and  adverse  (Fig.  40)  pressure  gradients  from  the 
zero-pressure  gradient  values  is  slight.  This  is  in  line  with  White's  theoretical  work, 
which  shows  little  difference  between  pressure  gradients  for  the  magnitude  of  the  normalized 
lateral  cross-spectral  density.  As  in  the  case  of  the  zero-pressure  gradient,  nodependence 
on  the  parameter  was  found  for  either  the  favorable  or  adverse  pressure  gradient. 

U  qo 

Very  little  change  in  the  lateral  decay  process  with  the  moderate  pressure  gradients 
used  in  this  experiment  is  to  be  expected,  as  the  boundary  layers  were  still  two-dimen¬ 
sional  and  from  the  previous  discussion,  the  shape  of  the  mean  velocity  profile  rather 
than  the  details  of  the  longitudinal  and  lateral  turbulent  intensities  is  the  dominant 
cause  in  the  differences  between  favorable,  zero,  and  adverse  pressure  gradients  inso¬ 
far  as  correlation  measurements  are  concerned. 


CHAPTER  7 


ACCURACY  OF  THE  EXPERIMENTAL  MEASUREMENTS 

The  absolute  accuracy  of  the  flow  velocity,  as  derived  from  probe  total  pres¬ 
sure  -  wall  static  pressure  measurements  was  estimated  to  be  ±  0. 55%.  As  shown  by 
Rayle,  the  error  due  to  the  finite  size  of  the  wall  static  tap  (0.028  inches)  is  0. 3%  of 
the  dynamic  head,  which  is  about  a  0. 15%  error  in  velocity  determination.  The  resolu¬ 
tion  of  the  draft  gauges  used  was  0.01”  of  water;  this  could  account  for  a  very  small 
error,  about  ±  0. 15%  for  ±  0. 005"  of  water  resolution  error  in  the  range  of  pressures 
used.  Since  the  error  in  measuring  stagnation  pressure  with  the  total  pressure  probe 
used  was  nil,  and  the  error  in  assuming  incompressible  flow  is  0. 15%  at  a  Mach  number 
of  0.1,  the  estimate  of  ±0.  55%  absolute  accuracy  for  velocity  measurements  seems 

reasonable.  The  calibration  of  the  hot  wire  was  accurate  to  ±2%,  as  discussed  by 
16 

Rakowsky. 

For  the  boundary -layer  profiles  the  location  of  the  probe  could  be  determined  to 
within  0.0001",  once  the  "zero"  point  or  contact  with  the  plate  was  established.  This 
contact  was  determined  electrically  and  was  repeatable  to  within  ±0.0005".  However, 
because  of  the  asymptotic  behavior  of  the  boundary-layer  velocity  distribution  as  it 
approaches  free-stream  conditions,  the  determination  of  4  is  more  dependent  on  the 
precision  cf  the  velocity  measurement  than  on  the  accurate  location  of  the  probe.  Be¬ 
cause  of  the  above  reasons,  the  value  of  4  is  estimated  to  be  accurate  within  the  range 
+2  to  -5(’/(  and  +5  to  -15%  for  the  favorable  pressure  gradient.  The  other  boundary- 
layer  parameters  4*  and#  are  considerably  more  accurate  as  they  are  obtained  by 
integration  of  the  velocity  profile.  »  ov  this  reason  4  *  and  0  were  used  as  parameters 
instead  of  4  whenever  possible.  The  inaccuracy  due  to  integration  of  the  profile  was 
found  to  be  +0.  36%  for  4  *  and  +0. 09%  for  0  when  compared  to  results  for  a  1/7-power 
velocity  distribution.  This  was  well  below  the  experimental  measurement  accuracy 
for  the  input  data. 
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The  calibration  error  of  the  pressure  transducers  when  compared  to  the  standard 
transducer  was  approximately  ±0.5  db.  Accuracy  of  the  standard  over  the  frequency 
range  used  was  better  than  ±  0. 5  db.  For  the  frequency  spectrum  measurements,  which 
includes  the  amplification  system  and  the  spectrum  analyzer,  the  error  is  estimated  to 
be  ±  1.75  db,  with  most  of  this  occurring  in  the  analyzer.  Hence  the  measurements  of 
frequency  spectrum  are  believed  to  be  accurate  to  within  ±1.75  db  and  probably  closer 
to  ±  1. 5  db. 

As  indicated  in  Chapter  6,  the  maximum  value  of  correlation  was  repeatable  to 
within  ±  3%  of  100%  correlation  for  the  same  reel  of  magnetic  tape  run  through  the  cor¬ 
relation  computer.  The  same  percentage  difference  was  noted  for  reels  taken  at  dif¬ 
ferent  times  with  the  same  signals  on  them.  From  this  information  it  was  concluded  that 
the  maximum  amplitudes  of  the  cross-correlations  were  determinable  to  within  ±  3%  of 
100%  correlation  regardless  of  the  maximum  amplitude  value. 

The  difference  in  the  time  delay  to  the  peak  of  correlation  was  as  much  as  ±  10 
Msec  at  time  delays  of  about  200mscc  for  the  same  reels  of  tape  processed  with  the  cor¬ 
relation  computer.  When  the  same  reiterative  procedure  was  used  with  data  having  longer 
time  delays  to  the  correlation  peak,  the  differences  increased  to  about  ±  20  Msec  for 
delay  times  up  to  1500  Msec.  To  improve  accuracy  an  average  of  3  to  4  values  of  time 
delay  was  used  in  the  shorter  runs  so  that  the  maximum  error  was  cut  from  ±  5%  to  less 
than  ±  3%.  An  error  due  to  pressure  transducer  misalignment  of  ±  0.002"  at  the  most, 
results  in  apparent  time  delay  errors  of  less  than  ±  2Msec  for  the  speeds  used.  This  is 
smaller  than  the  errors  due  to  head  misalignment,  tape  stretch,  flutter,  etc.  in  the  tape 
recorder,  which,  as  indicated  previously,  amounted  to  ±  IOmscc  for  short  time  delays. 

To  conclude,  the  accuracy  of  the  determination  of  time  delay  to  the  peak  of  correlation 
(r  or  ^e  convection  velocity  ranged  from  ±  3%  at  small  transducer  spacing  to  ±  2% 
at  the  maximum  spacings. 


CHAPTER  8 


CONCLUSIONS 


The  effects  of  mild  pressure  gradients,  both  adverse  and  favorable,  on  the  turbu¬ 
lent  boundary -layer  pressure  fluctuations  have  been  examined  in  detail.  Comparison  was 
made  to  the  zero- pressure  gradient  case,  which  agreed  well  with  results  reported  by 
other  investigators,  thereby  confirming  the  validity  of  the  measurements  presented. 

Several  important  conclusions  are : 

(a)  The  most  striking  differences  are  the  changes  in  convection  velocities 

due  to  distortion  of  the  mean  velocity  profiles,  which  are  caused  by  the  imposed  pres¬ 
sure  gradients.  Convection  velocity  ratios  were  higher  in  the  favorable  pres¬ 

sure  gradient  case  and  lower  in  the  adverse  pressure  gradient  when  compared  to  zero 
pressure  gradient  data.  This  conclusion  is  true,  when  comparisons  are  made  at 
like  non-dimensional  frequencies  and  longitudinal  separations. 

(b)  Convection  velocity  increases  with  longitudinal  separation  and  de¬ 
creases  with  increasing  frequency  for  the  adverse  and  favorable  pressure  gradient  as 
well  as  the  zero-pressure  gradient. 

(c)  Loss  of  coherence  or  decay  of  a  particular  frequency  component  in  the 
longitudinal  direction  was  more  rapid  in  the  adverse  than  in  the  zero  pressure  gradient. 
Conversely,  a  slower  rate  of  decay  in  the  favorable  pressure  gradient  was  measured. 

(d)  No  significant  differences  in  the  lateral  decay  of  a  particular  fre¬ 
quency  component  due  to  the  favorable  or  adverse  pressure  gradient  were  observed. 

(e)  Root- mean- square  pressure  fluctuation  levels  for  broad  frequency 
bands  are  greater  in  the  adverse  pressure  gradient  and  less  in  the  favorable  pressure 
gradient  when  compared  to  zero-pressure  gradient  levels.  This  difference  is  further 
emphasized  when  comparison  is  made  on  the  basis  of  wall  shear  stress  rather  than  free- 
stream  dynamic  pressure. 
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(f)  The  spectral  density  is  altered  in  such  a  manner  as  to  reflect  the 
changes  in  longitudinal  turbulent  intensity  with  distance  from  the  wall  due  to  the  imposed 
pressure  distributions.  When  non-dimensionalized  against  j*,  the  adverse  pressure 
gradient  spectrum  is  higher  at  lower  non-dimensional  frequencies  than  the  zero-pres¬ 
sure  gradient  spectrum.  At  higher  non-dimensional  frequencies  the  two  are  almost 
identical. 

For  the  favorable  pressure  gradient  spectrum  the  pressure  fluctuation  level  is 

4  i* 

slightly  higher  than  in  the  zero-pressure  gradient  spectrum  at  =  0.03  but  then 

4 1  * 

falls  off  at  lower  values  of  .  As  inferred  by  the  longitudinal  turbulent  intensity 
profile,  the  spectral  curve  drops  off  quite  sharply  at  the  higher  non-dimensional  fre¬ 
quencies. 

(g)  Comparison  of  zero-pressure  gradient  spectral  densities  withdata  of  other 

investigators  indicates  that  using  <t>  ($■)/*“**  U«  as  a  parameter  rather  than  U«>/ 

2  ?3 

rw  or  <fr(f)/p  *  Uoo  reduces  the  differences  in  spectra  between  them. 

(h)  The  qualitative  agreement  with  White's  predictions  (Ref.  13- and  15)  for 
the  adverse  and  favorable  pressure  gradients  for  lateral  and  longitudinal  cross-spectral 
densities  is  as  good  as  that  indicated  for  the  zero-pressure  gradient  as  depicted  in 

Figs.  5  and  6  of  Ref.  13.  Specifically,  the  experimentally  determined  functions  B  and  A 
are  always  lower  by  5  to  25%  of  100%  correlation. 

In  the  zero-pressure  gradient  the  measurements  of  convection  velocity 
ratios  are  always  lower  than  White's  predictions  by  10  or  15%.  For  the  favorable  pres¬ 
sure  gradients  the  measured  values  of  convection  velocity  ratios  are  higher  than 
theoretical  predictions  by  0  to  10%.  Convection  velocity  ratios  in  the  adverse  pressure 
gradients  exceed  White's  predictions  by  5  to  15%.  In  all  three  pressure  gradients  the 
theoretical  predictions  followed  the  general  trends  of  the  experimental  measurements 
with  regard  to  the  effects  of  longitudinal  separation  and  frequency  on  convection  velocity 


ratios. 


APPENDIX  A 


The  corrections  used  in  accounting  for  the  finite  size  of  the  pressure  transducer 
in  the  zero,  adverse,  and  favorable  pressure  gradients  are  those  computed  by  Corcos  for 


the  zero-pressure  gradient.  His  correction  is 


%<“>  •  f*  (T,  A(p)  B  (p9  e  °c  dAfT), 

*  M  «  c  c 


(l-A) 


where  <  and«  are  the  components  of  the  vectorT,  where  ♦(!)  depends  on  the  physical 
x  y 

characteristics  of  the  pressure  transducer  only.  The  effect  of  the  different  functions 

A  (-jjp)  on  the  ratio  <t>M  (w)  (measured  spectral  density)  and  ♦  («)  (actual  spectral  den- 
c 

sity)  were  investigated  by  approximating  these  functions  with  an  exponential  decay,  i.e. , 

A  ({jp)**  e"C  ) where  the  constant  c  took  on  a  different  numerical  value  for  each 
pressure  gradient.  The  calculations  showed  a  difference  of  less  than  1  db  between  all 


three  pressure  gradients  when  the  correction  was  17  db  for  the  zero  pressure 

♦  w(«) 

gradient  case.  The  difference  in  -r  \  between  pressure  gradients  decreased  with  a 

♦  IwJ 

decrease  in  the  correction  factor  for  the  zero  pressure  gradient  case.  Hence,  within 
the  experimental  accuracy  of  the  data  and  the  simplifying  assumptions  which  were  used 
by  Corcos  in  developing  Eq.  (l-A),  the  use  of  this  equation  in  all  three  pressure 
gradients  is  justified. 


FIGURES  1  THROUGH  40 
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Muffler  and  Diffuser  Attenuation  as  a  Function  of  Frequency 
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Figure  6,  Transducer  Mounting  Details 


Figure  7.  Vibration  Isolation  of  Transducer  Mount  from  Aluminum  Plate 
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Figure  9.  Typical  Vertical  Velocity  Profile  Upstream 
of  T ransducer  Location  (U "  10^  ft/sec  at 
Transducer  Location)  Adverse  Pressure  Gradient 
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igure  11.  Block  Diagram  of  Instrumentation  System 


»  105  FT/SEC 


Figure  12.  Typical  Non-Dimensional  Velocity 
Profile  for  the  Zero  Pressure  Gradient 
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figure  13.  Typical  Non-Dimensional  Velocity 
Profile  for  the  Adverse  Pressure  Gradient 
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rigure  14.  Typical  Non-Dimensional  Velocity 
Profile  for  the  Favorable  Pressure  Gradient 


Universal  Mean  Velocity  Profile  for  the  Zero  Pressure  Gradient 


Velocity  Profile  for  the  Favorable  Pressure  Gradient 
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Typical  Static  Pressure  Distribution  for  the  Adverse  Pressure  Gradient 
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Figure  20.  Typical  Static  Pressure  Distribution  for  the  Favorable  Pressure  Gradient 
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Figure  21.  Shape  Factor  as  a  Function  of  Reynolds  Number 


Dimensional  Spectral  Density  for  the  Zero  Pressure  Gradient 


Figure  25.  Non-Dimensional  Spectral  Density  for  the  Adverse  Pressure  Gradient 
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Figure  26.  Non-Dimensional  Spectral  Density  for  the  Favorable  Pressure  Gradient 


17.5 


Figure  31.  Convection  Velocities  as  a  Function  of  Frequency  and  Non-Dimensional 
Longitudinal  Separations  for  the  Adverse  Pressure  Gradient 


Figure  34.  Broad-Band  Convection  Velocities  as  a  Function  of  Pressure 

Gradient  and  Longitudinal  Separation 


igure  35.  Magnitude  of  the  Normalized  Longitudinal  Cross-Spectral 
Density  for  the  Zero  Pressure  Gradient 
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Figure  36.  Magnitude  of  the  Normalized  Longitudinal  Cross-Spectral 
Density  for  the  Favorable  Pressure  Gradient 
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igure  37.  Magnitude  of  the  Normalized 
Longitudinal  Cross -Spectral  Density 
for  the  Adverse  Pressure  Gradient 


for  the  Adverse  Pressure  Gradient 


Figure  38.  Magnitude  of  the  Normalized 
Lateral  Cross-Spectral  Density 
for  the  Zero  Pressure  Gradient 
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Figure  40.  Magnitude  of  the  Normalized  Lateral  Cross-Spectral 
Density  for  the  Adverse  Pressure  Gradient 
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